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June 4,  1964 

D i r e c t o r  
George C. M a r s h a l l  Space Flight Center  
Huntsvil le.  Alabama 

Attention X I - P  k C-C.A 

Dear  Sir: 

We a r e  e n c l o s i n y  nine copies  and one reproducible  m a s t e r  of the r e p o r t  "Space- 
V e h 1 c 1 e S t a I vi 11 z e d - P la t f or m G 1 ni b a 1- S y s t e m W t 1 g h t - 11 e d u c t 1 on Stud y'  ', P ha s e V , 
"Gimbal-Seal C a r t r i d g e  Design",  covering the 15 ork per fo rmed  on the fifth phase of th i s  
p r  og rani. 

T h i s  r e p o r t  si in~iniarizes the experimental  u.ork pe r fo rmed  in the p r o c e s s  of 
deter inining design information for  A y i n i b a l  a i r  seal. 

If you ha\,e any qLiestions regarding these  r e s u l t s .  o r  would l ike to d i s c u s s  any 
p a r t  of t h i s  p r o g r a m ,  p lease  call .  

Since r c ly ,  

T. 3. Atterbury ,  D i r e c t o r  
Applied Solid Mechanics  

T J A : s o  
Enc. (10)  



P h a s e  1’ of the p r o g r a m  u a s  d n d e r t n k c n  to  develop a s e a l  c a r t r i d p e  f o r  the t r a n s -  
m i s s i o n  of lov. - p r e s s u r e  gas  betxvcen the g imbals  of a s tabi l lzed platform,  with p r i m a r y  
object ives  of mininium torque  and ni:nimuni leakape. 

T h i s  r c p o r t  d e s c r i b e s  the in\  estigation of candidate seal materials and experi-  
m e n t s  on single- and double-seal cha rac t e r i s t i c s .  
and leakage of p r e s e n t  g imbal  configurations can  be significantly reduced  i f  a bellows- 
actuated,  Teflon face s e a l  i s  used. The mat ing-sea l  m a t e r i a l s  should be virgin Teflon 
f inished by the co ld-press  procedure ,  and a concentr ical ly  ground m e t a l  surface.  The  
Teflon s e a l  should be  approximately l / S  inch \\vide and of overbalanced design. 

The  work  showed that  the torque  

This  r e s e a r c h  p rogram mas initiated in July, 1962, under  contract‘ with NASA. 
T h i s  r e p o r t  c o v e r s  the \ \ c i rk  pe r fo rmed  on P h a s e  V d u r i n g  the per iod  -4ugust 1, 1963, 
to h l a r c h  31,  196-1;. - 
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PHASE V. GIMBAL-SEAL C.4RTRIDGE DESIGN 

INTRODUCTION 

The  impor tance  of achieving minimum \\.eight in the f inal  s t ages  of bal l is t ic  
m i s s i l e s  o r  i n  the payload of space  vehicles  is wel l  known. 
min imum weight is  by the exacting design of each  component on the bas l s  of s t r e s s e s  and 
deflections.  Another method, and one which is sonie t imes  overlooked, is by a c r i t i c a l  
re -examinat ion  of the functional requi rements  of each  of the components.  
appl icat ion of the second of these  two methods which led to P h a s e  V of the over -a l l  
weight-reduction study for  the Saturn stabil ized platform.  

One method of achieving 

It was  the 

In the Saturn vehicle the gyroscopes of the s tabi l ized platform g)rros  ire suppcrted 
on a i r  bear ings.  This  a i r  mus t  be supplied f r o m  an  ex te rna l  sou rce ,  which means  that 
each  of the  pivots m u s t  contain a dynamic a i r  seal .  The  s i ze ,  and hence the weight, of 
the torque  g e n e r a t o r s  located a t  each  pivot is dependent on the torque  r equ i r ed  t o  over -  
come the  f r i c t ion  of the dynamic a i r  sea l  and of the r o l l e r  bear ings.  The  major portion 
of th i s  to rque  r e s u l t s  f r o m  the a i r  seal .  
could be reduced ,  a m a j o r  reduction would be poss ib le  in the s i ze  and hence the weight,  
not only of the t o r q u e r s ,  but of the ex terna l  air  supply. 

Hence,  if the torque  and leakage of the s e a l  

The  or ig ina l  objective of P h a s e  \.' of the o \ -e r -a l l  weight-reduction study was to  
de\-elop a s e a l  ca r t r idge  for  the t ransni i ss ion  of loxv-pressure gas  between the gimbals  
of the s tabi l ized platform urith minimum torque  at  thc gimbals  and with minimum weight. 
This  object ive was modified e a r l y  in the pro jec t  when information on s e a l  m a t e r i a l s  was 
found to  be inadequate. 
emphas i s  should be placed on obtaining basic design data and that the work  on the de- 
velopment  of a c a r t r i d g e  configuration should be reduced. 

It was mutual ly  agreed  u.ith the technica l  moni tor  that  m o r e  

The  f i r s t  s t ep  in the r e s e a r c h  effort  was  to  rev iew the functional r equ i r emen t s  
and  boundary conditions f o r  the seal car t r idge.  
and a revie\v of some of the cha rac t e r i s t i c s  of c o m m e r c i a l  sea ls .  These  s tudies  r e -  
sul ted in the above-mentioned change in pro jec t  emphas is .  
s e a l  in te r face  expe r imen ta l  study to  de te rmine  the effect  on torque  and leakage of seal 
p a r a m e t e r s  siich as  width, mat ing-r ing sur face  c h a r a c t e r i s t i c s ,  s e a l  su r f ace  f inish,  
etc. 
fo rmed  to de te rmine  the interact ion of opposed face s e a l s  loaded by means  of a common 
bellows. 

T h i s  included a m a t e r i a l s  investigation 

The next s t ep  was  a s ingle-  

Once these  e f f ec t s  \...-ere estsblishc:!, a double- s e a l  rxpcr i rnenta l  study was  p e r -  

The  follo\ving sect ion of th i s  repor t  p r e s e n t s  the conclusions and recommendat ions  
resu l t ing  f r o m  the r e s e a r c h  c%ffort .  
s e a l  m a t e r i a l s .  
exper in icn ta l  s t t i d y  a r e  then d iscussed .  
c h a r a c t e r i s t i c s  a r e  presented.  

The nes t  sect ion d e s c r i b e s  the s tudies  cf poss ib le  
The siriyle-seal i n t c  r face expe r imen ta l  study and  the double-seal  

In the f inal  sect ion of the r epor t ,  s e a l  c a r t r i d g e  

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



The ma t ing - sea l  m a t e r i a l s  should be virgin Teflon finished by the co ld -p res s  pro-  
cedure  d e s c r i b e d  in the r e p o r t ,  and a concentr ical ly  ground m e t a l  su r f ace  with a su r face  
f in i sh  of approximate ly  5 to  1 2  micro inches  rms. The  tsridth of the Teflon s e a l  should be 
approximate ly  1 / 8  in, 
1. 3 7 3  in. 
p r e s s u r e  caused  by the overbalanced design. 

A seal ing load of 4. 7 lb  i s  opt imum for  a m e a n  s e a l  d i a m e t e r  of 
Th i s  load includes the load provided b y  the bellows and the load f r o m  the a i r  

The  torque  and leakage \.slues for the exper imenta l  double-sea1 units a t  15 psi  
ranged  f r o m  8. 4 to 13. 8 oz-in. and f rom 1 5  to 65  cc  p e r  min  at s e a l  loads of 3. 9 to 
5. 5 lb. 
min imum values ,  a r e  a significant improvement  over  the "guide" values  of 34  oz-in, 
and  500 c c  p e r  min which w e r e  provided a t  the beginning of this prsgrarr ,  as  b e h g  typicai  
of present  sea is .  

These  torque and leakage f igu res ,  which a r e  r ep resen ta t ive  maximum and 

Recommendat ions 

It i s  recommended that  a Teflon face s e a l  be incorpora ted  into a c a r t r i d g e  design. 
The  c a r t r i d g e  concept is recoxxniended because of the high re l iab i l i ty  of a p re t e s t ed  
sea l ,  the necess i ty  f o r  run-in,  and the el:rr.ination o f  damage  to  the seal ing su r face  due 
to  handling. 

LLZTERWLS INVESTIGXTION 

The s e a l  ca r t r idge  had to sa t i s fy  seve ra l  functional r equ i r emen t s  that  s eve re ly  
r e s t r i c t e d  the candidate m a t e r i a l s  for  the face  seal .  
qu i r emen t s  w a s  that  the mating m a t e r i a l s  have a v e r y  low coefficient of friction. 
cause  of the downst ream a i r  bear ing and the c lose  to l e rances  involved, it was impera t ive  
that  no contaminat ion be introduced into the a i r  flow. 
exhibit  a low coefficient of f r ic t ion  with d r y  a i r  as  the only lubricant.  An upper  t e m p e r -  
a t u r e  l imi t  of 60 C did not appear  difficult. 
and kinetic coefficients of frictior.  had to be taken into account because  of possible  un- 
des i r ab le  5 t ick- s l ip c h a r a c t e r  is t ic s. Consider ing the s e r equ i r emen t s  , Teflon was a 
logical  choice.  The m a t e r i a l s  in\-estigation, t he re fo re ,  had th ree  m a j o r  a ims :  ( 1 )  to  
compare  Teflon with other  m a t e r i a l s ,  thus insuring that Teflon was indeed the p rope r  
choice,  ( 2 )  to compare  var ious  Teflon compounds to de te rmine  which of the f luo roca r -  
bons should be used, and ( 3 )  to de te r r r ine  the c h a r a c t e r i s t i c s  of the Teflon compound 
c ho s en, 

One of the mos t  important  r e -  
Be- 

The re fo re ,  the m a t e r i a l  had to  

However ,  the difference between the s ta t ic  

TWO of the most ' conlmon ina t e r i a l s  71sed a s  face  sea l  n i a t e r i a l s  in c o m m e r c i a l  ap-  
pl icat ions a r e  carbon graphi te  and the industr ia l  cera i i i i cs  such  a s  a luminum oxide. 
The  m a j o r  drawback  of t hese  two ma te r i a l s  f o r  the g imbal -sea l  appl icat ion was the high 
coefficient of f r ic t ion  when used in the nonlubricated condition. The  face t  that  t hese  
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m a t e r i a l s  can he ii1achint.d t c . 1  ! . l i ~ s c  t c i i i  i - . i : i c :< i5  v,.ith ~ c i o d  s: i r fact  f in i shes ,  a r e  ine r t  
to  a ios t  i n d ~ l s t r ~ a l  c l ~ e n - ~ i c  J ~ S ,  :tn(l h a ~ e  g ~ ~ o ~ !  i-i(,;it-tra;-..-itxr c h a r a c t e r i s t i c s ,  is the bas i s  
for  t he i r  choice for  com11:+,rcial f a c e  se ' i ls .  
the e s t r e m c l ~ ~  lov: rotatiorinl speed  negated the rc>quiren?ent for  good hea t - t ransfer  
c h a r a c t e r i s t i c s ,  I I ence ,  organic  in;i terials co~r ld  L e  cons idered  fo r  the face seal.  

F'or the ginil ial-seal c a r t r i d g e ,  however,  

Table  1 gives some typical  coefficient-of-friction values  fo r  different  p l a s t i c s  
( 1 ) ::: 

when mated  Lvith carbon s teel .  
tha t  obtained lvith Teflon u5th the exception of Rulon, wfhich is a glass-f i l led Teflon 
conipound. 
table  i r i ight  be explained b!- the e s t r e m e  range  o f  applicti loads and sliding speeds  which 
were  used  in the collection of the data. Other  i nves t iga to r s (2 )  indicate  that the low co- 
efficient of f r ic t ion  for  Teflon and Teflon compounds holds only a t  v e r y  low sliding 
speeds .  and then only i f  t h e r e  has  been no high-speed sliding. 
undergone a high-speed s l i c i i n ~  
t v - u  or t h r e e  t i ines  its prexrious \-alue.  

A s  can be seen ,  all of these  values  a r e  higher  than 

The la rge  s p r e a d  betxveen the ~ ~ i a s i l n u m  and ininimum values  shown in the 

Once the plast ic  has  
the coefficient of f r ic t ion is i r r e v e r s i b l y  inc reased  to 

The use  of reinfcrr- i : Ig  f i 1 x i . s  general ly  r e s u l t s  in a higher  coefficient of f r ic t ion 
for  the fi l led con:pound, with the increase  in c0efficier.t s f  f r ic t ion propor t lona l  t o  the 
fillei- content. 
Table  '2. (4, The inc rease  with f i l l e r  content can  be seen  by comparing the coefficients 
of f r ic t ion  fo r  unfil led and, 15 and 2 5  p e r  cent glass f iber .  
f o r  choosing a Teflon compound which has been fi l led i s  t o  d e c r e a s e  the amount  of c r e e p  
occur r ing  under load conditions. 
to rque  in  the c a r t r i d g e  s e a l ,  th is  tendenc)- to  cold flow \vas  of secondary  importance.  

Coeff ic ients  of f r ic t ion f o r  typical  f i l led compounds a r e  given in 

Normal ly  the m a j o r  r eason  

With the low loads n e c e s s a r y  to achieve a min imum 

Use of the inonfibrous f i l l e r s  s u c h  as  griiphite and bronze was out of the question 
because  of the possibil i t \-  of pa r t i c l e s  lirt>aking off and contaminating the air bear ing in  
the g imbal  sys tem.  
i ca l  p r o p e r t i e s  prac t ica l ly  wlchaI:,ceci to  t empera tu res  a round 300 C .  ( 6 )  
use  of some of the ian-li l iar  d r y  11ik:ricants such as molybdenum disulfide and graphi te  
a s  f i l l e r s  cannot be expected to  reduce the coefficient of f r ic t ion  below that of pu re  
Teflon because  normal ly  they have coefficients of f r ic t ion g r e a t e r  than that  of Teflon. ( l )  

Teflon does riot flake o r  pov,.der under s t r e s s  and r e t a ins  i t s  mechan-  
In addition, the 

F luo r c) c a r Lo n s a r e d i  1-i d e d c hem i c a 11 y in to two ma$ o r c at e fi o r i e s : pol yt e t r af luor o- 
ethylenes and  p o l ~ t r i f l ~ t o r o e t h y l e n e s .  Of these ,  C T F E  is  the  m a j o r  c o m m e r c i a l  product  
f r o m  the polytrifl iroroethylenes and exhibits coeff ic ients  of f r ic t ion on the o r d e r  of 0. 3 3  
t o  0. 36 and 0. 2 7  to 0. 31 for  s ta t ic  and kinetic conditions,  respect ively.  (7 )  C T F E  i s  thus 
e l imina ted  f ro in  considerat ion.  T h e r e  a r e  two ma jo r  types of polytetrafluoroethylenes: 
TFE ( te t ra f luoroe thylene)  and FEP (fluorinated ethylene propylene).  
shoxv the s ta t ic  and kinetic coeff ic ients  of f r ic t ion for  T F E  and FEP. ( 8 )  A s  can  be seen ,  
TI'E has  the loc.er coef i ic icnt  c?f f r ic t ion  i l i i der  c-ornparaiiie loading and speed  conditions. 
T h e s e  f igu res  a r e  typical of the type of data xvhich a r e  avai lable  fo r  Teflon. 
mos t  of the data do  not e x t e n d  to  the loxv loads and low speeds  n-hich a re ' o f  i n t e re s t  f o r  
the g imbal  seal .  
f r ic t ion  f o r  Teflon i n c r e a s e s  below loadings of 30 to  50 ps i ,  d e c r e a s e s  rapidly a t  rubbing 
speeds  below 2 5  t o  .SO f p m ,  and i s  rcdlati\-ely independent of t empera tu re  in a range  of 
8 0  to 620  F . ( 9 )  

F i g u r e s  1 and 2 

That is, 

In genera l ,  mos t  of the data avai lable  indicate that  the coefficient of 

The p rope r t i e s  of T F E  given in Table  3 a r e  gene ra l  and apply to  a l l  of the T F E  
rt>siiis s h o ~ v n  111 'rablt. 4. ( 7 ,  8 )  
compoiind supplied i n  sheet  and rod. 
men ta l  prclg,r;in-! descr ibed  l a t e r  iri th is  report .  

Unless othcrwise specif ied,  Teflon 1 i s  no rma l ly  the 
This  is  the compound Lvhich \vas used  in the exper i -  

- *sIIII.~~... p i  ; ' z r2 '  (:ic.c. refer I ~ $  refd:ei:c,e: ! I Z ~ ~ ~ I  .;r [ l i t ,  <,d ( I f  the rep i r i .  
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TABLE 1. TYPICAL COEFFICIENTS O F  FRICTION 
FOR VXRIOL‘S PL.STICS(~ 

C oeffic lent of F r i c  t ion(a) 
P l a s t i c  Max Min 

Teflon 0.21 0. 09 
R d o n  0. 19 0. 12 
C e llulo s e a c eta t e 0. 53 0, 18 
E th  b- 1 c e 1 lulo s e 0. 57 0.22 
Kel-F 0. 25 0. 17 
l l e t h a c  rv l a t e  0.47 0. 16  
hTy-latron G 0. 33 0. 22 
U y l o n  !3. 33 9. !5 

Polys tyrene  0. 45 0.12 
Polyeth ,-len4 0. 40 0. 17 

( a )  10 1 ,hricarioii, 1 - 5  i b  applied l o a d ,  crossed cyl i r idcr  apparatus ,  $-365 f t / r i i n  
4!L:”g rpc td .  

TAI3LE 2. COEE‘FICIESTS O F  FRICTIOK 
F O R  TYPICAL F I L L E D  TEFLON 
CO\fPOUT\;DS(4y j )  

Unfilled T F E  0. 12 
1570 g l a s s  f ibe r  0. 14 
250;; g l a s s  fiber 0. 16  

6 0 40 bronze  0. 14 
20% g l a s s ,  570 graphite 0. 16 
1570 g l a s s ,  570 MoS2 0. 14 
Rulon A 0. 2 1  
Rulon B 0. 13 
Rulon D 0, 15 
Rulon F 0, 16 
15Ho M O S Z  0, 18 
61% X T O S ~  0, 28 

1570 graphi te  0. 12 

E I A T T E L L E  M E M O R I A L  I N S T I T U T E  
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FIGURE 1 .  STATIC LOEFFIC1,ENT O F  FRICTION O F  T F E  
A N D  F E P  AT 7 3  F\8j':' 

2 01 
- 
Y 

0 
0 I00 200 300 400 5 10 

Sliding Speed, fpm A-47226  

F I G U R E  2 .  KIh'LTIC COEFFICIENT O F  FRICTIOh' OF  T F E  AND 
FEP at 7 3  ~ ( 8 )  
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Phys ica l  

Specific Gravi ty  
Melting Po in t ,  "F  
Water  Absorpt ion,  % 

- 

Mechanica l  

Tens i le  .Strength, 73 F ,  psi  
Elongation, 7 3  F,  70 
F l e x u r a l  Modulus,  73 F, ps i  
Impact  Strength,  73 F 

I z o d ,  f t - lb/ in .  
T e n s i l e ,  f t- lb/cu in .  

I zod ,  i t - l b / i n .  
Impact  Strength,  -65 F 

T - - - - l -  C . I I J I L C ,  f t - ibjcu in .  

Fat igue Res is tance  (Cycles  to F a i l u r e )  
1000-ps i  s t r e s s  
1400-psi s t r e s s  
1450-psi s t r e s s  
1500-psi s t r e s s  

Dur  o m e  t e r Har  dne s s 
Rockwell  Hardness' 
Abrasion R e s i s t a n c e ,  Weight L o s s ,  g m / s q  in. 

ASThtD 1242-  56 t e s t ,  m g  
T a b e r  abras ion  t e s t ,  10 cy-clts 

IOU cycles  
1000 cycles  

Deformation Under Load ,  7 5  F ,  Load = 1000 psi  for  
24 h r  ( p e r  cen t )  

E l e c t r i c a l  

D ie l ec t r i c  S t rength ,  Short  T i m e ,  10 mil (v p e r  mil) 
D i e l e c t r i c  Constant ,  60 to lo9 cycles 
Dissipat ion F a c t o r ,  60 to 109 cycles  
Volume Resistixrity, -40 to 440 F ,  ohm-cm 
Surface  Res i s t iv i ty ,  -40 to 440 F ,  o h m / s q  

Thermal 

Coefficient of L i n e a r  T h e r m a l  Exparision, 

T h e r m a l  Conductib i ty ,  Btu / h r  / s q  f t  / " F / i n .  
Spec i f i c  Heat ,  R t u / l h /  "F  
C on t inu ou s - S c r v 1 c e T t*m p e r a%u r e  , O F 
Heat-Distortion T e m p e r a t u r e ,  " F  

66-psi s t r e s s  
264-psi s t r e s s  

p e r  O F ,  7 3  F 

2. 14 to  2 .  19 

none 

2500 to 6000 
250 to 400 

50,000 to 90 ,000  

2 . 9  
320 

2 . 3  
105 

20  mil l ion 
7 mil l ion 
12,000 

1200 
D52 
R58 
0 . 3 3 7  
0 . 3 5  
2 .2  
8 . 9  

2.4 

1000 to  2000 
2.  1 

0 . 0 0 0 3  
1018 
1018 

1018 
1018 

5 .5  10-5 
1 .7  

0 .25  
500 

2 52 
132 
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TABLE 4. TEFLON-FLUOROCARBON RESINS(8) 

Reprinted,  with pe rmis s ion ,  from Machine Design 

U s u a l  Method 
Ki-slrl of P r o c e s s  I ng Descr ip t ion  

T F E  
Teflon 1 Molded by  preforming-s in te r ing  Genera l -purpose  powder fo r  molding 

technique; ram extruded and ex t rus ion  

Teflon 6 

Teflon 7 

Teflon 5 Molded by preforming-s in te r ing  Spec ia l  molding powder - granula ted  
technique; ram extruded for  molding cy l inders  for skived 

tape 

Lead-p res  s-type extrusion Special-purpose powder for com- 
pounding and fo r  u s e  in  ex t rus ion  

Molded b y  pre iorming-s in te r ing  Special  molding powder - granulated 
technique; ram extruded f o r  u se  w h e r e  highest  qual i ty ,  vo id-  

f r e e  moldings a re  r equ i r ed  

Aqueous d i spe r s ion  

Aqueous di spe  r s ion 
6 Teflon 30 Dip coatin 

Teflon 4 1 BX Compounding 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



A - l L ~  c) t  11 ?' e I 1 (: 
possibilitt; th;!: -rt~flc:7;, 
the niating s u r f a c e ,  thus form:ng a Teflon-to-Teflon r e a l  and g i v i n g  the lov..est possible 
coefficient of friction. 3 y  ' '  
a s  good a s .  if not b e t t e r  thari, Tef:on t u  Teflon. 
of frictior,  is obtaized with .;::iiorn-, tk:n f i lms  on the hardes t  possible backing. ( l )  

c i : cf r -i c. t e r i . C J ~ '  ii _ ; t . a a i  cartridkge is the 
tr;i:.s!er Ina t e r i a l  to L i r > o i - L  CO:!TIC.! -\', i:Ii ;t 

Beca~.ise of th i s  t r a n s f e r  phenornenor., Teflon to meta l  is 
It i s  reported that the io\rest coefficient 

S:n;ilr =,e:t!s mere  t e s t ed  to r e t i ~ : c t ~  rhe n u x b e r  of samples  \\rhich had to be fabri -  
catrd.  
nicants v;ould iic t l i rec t l .  ,+pp i i cab le  to  $.he proposed design incorporating a double seal.  

I t  \ vas  postu!c?tec! and subs t  q s e r  t 'lv Lerified that the  r e s u l t s  of s ing le - sea l  experi-  
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Upper-bellows . 
end fitt ing 

Teflon - 
seal 

Floating - -  

housing 

Adjustment 
screw 

,-- Air in from 
,, -*” rotometer 

/’ 
,’ 

- Rotating 
member 

I - 4 7 2 2 7  
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